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Abstract. During the last decades, the use of bioacoustics as a non-invasive and cost-
effective sampling method has greatly increased worldwide. For bats, acoustic surveys have
long been known to complement traditional mist-netting, however, appropriate protocol
guidelines are still lacking for tropical regions. Establishing the minimum sampling effort
needed to detect ecological changes in bat assemblages (e.g., activity, composition, and rich-
ness) is crucial in view of workload and project cost constraints, and because detecting such
changes must be reliable enough to support effective conservation management. Using one of
the most comprehensive tropical bat acoustic data sets, collected in the Amazon, we assessed
the minimum survey effort required to accurately assess the completeness of assemblage inven-
tories and habitat selection in fragmented forest landscapes for aerial insectivorous bats. We
evaluated a combination of 20 different temporal sampling schemes, which differed regarding
number of hours per night, number of nights per site, and sampling only during the wet or dry
season, or both. This was assessed under two different landscape scenarios: in primary forest
fragments embedded in a matrix of secondary forest and in the same forest fragments, but after
they had been re-isolated through clearing of the secondary forest. We found that the sampling
effort required to achieve 90% inventory completeness varied considerably depending on the
research aim and the landscape scenario evaluated, averaging ~80 and 10 nights before and
after fragment re-isolation, respectively. Recording for more than 4 h per night did not result
in a substantial reduction in the required number of sampling nights. Regarding the effects of
habitat selection, except for assemblage composition, bat responses in terms of richness, diver-
sity, and activity were similar across all sampling schemes after fragment re-isolation. However,
before re-isolation, a minimum of four to six sampling hours per night after dusk and three to
five nights of sampling per site were needed to detect significant effects that could otherwise go
unnoticed. Based on our results, we propose guidelines that will aid to optimize sampling pro-
tocols for bat acoustic surveys in the Neotropics.
Key words: acoustics; Amazon; Chiroptera; echolocation; habitat use; monitoring; rainforest; sampling
design.
INTRODUCTION
The use of bioacoustics has massively increased in
recent years as a non-invasive and cost-effective method
to answer ecological questions, address biodiversity
conservation issues or improve habitat management
(Froidevaux et al. 2014, Bradfer-Lawrence et al. 2019),
especially for echolocating bats (e.g., Kunz et al. 2007,
Rodhouse et al. 2011, Frick 2013). Bioacoustic sampling
has great potential to overcome limitations of conven-
tional biodiversity sampling approaches (Deichmann
et al. 2018, Burivalova et al. 2019). However, megadi-
verse regions such as the Amazon basin, while hotspots
for biodiversity, lag far behind other regions in terms of
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research and conservation programs (Wilson et al.
2016), and information on more elusive taxonomic
groups remains scarce due to limitations inherent to
commonly employed sampling approaches.
For bats, acoustic surveys can effectively complement
traditional mist-netting (Flaquer et al. 2007, Walters
et al. 2013), vastly increasing inventory completeness in
bat assemblage studies, especially in the species-rich
tropics (MacSwiney et al. 2008, Furey et al. 2009, Silva
and Bernard 2017). Acoustic surveys can cover large
temporal and spatial scales, even in habitats where par-
ticular environmental conditions such as vegetation clut-
ter, strong winds or large areas covered by water (e.g.,
lakes and ponds) make mist-netting inefficient or unfea-
sible (Murray et al. 1999, MacSwiney et al. 2008, Tor-
rent et al. 2018, Wordley et al. 2018).
Relatively low-cost passive detectors (Hill et al. 2018)
now allow researchers to automatically survey bats for
extended periods of time, accumulating increasingly lar-
ger acoustic data sets (Towsey et al. 2014, Adams et al.
2015). In response to this growth in data availability,
automatic classification algorithms have been developed
and are increasingly being used to aid in the daunting
task of processing and identifying echolocation calls
(e.g., Zamora-Gutierrez et al. 2016, Lopez-Baucells
et al. 2019). Due to these advances, and despite certain
limitations (e.g., dubious species identification or impos-
sibility to quantify individuals and thus obtaining true
abundance data; Kunz and Parsons 2009, Adams et al.
2015, Barre et al. 2019), over the past two decades bat
acoustic surveys have become increasingly popular.
Amongst the limitations of acoustic surveys, variabil-
ity in bat activity levels and imperfect detection due to
several environmental factors such as weather or vegeta-
tion clutter are generally difficult to overcome (Duch-
amp et al. 2006). Bat activity can substantially vary in
space and time and is molded by ecological patterns
such as reproductive cycle, proximity of roosts, seasonal
migration, swarming activity, moonlight, habitat clutter,
or insect abundance (Murray and Kurta 2004, Dzal
et al. 2009, Piksa et al. 2011, Adams et al. 2015, Appel
et al. 2017). A number of studies have already addressed
these problems with regard to mist-netting and provided
sampling design recommendations as to how best to
cope with them (Hayes 2000, Duchamp et al. 2006, Yates
and Muzika 2006, Gorresen et al. 2008, Fischer et al.
2009). However, whereas sampling design optimization
has been an active area of research for these more con-
ventional techniques (e.g., Weller and Lee 2007, Mar-
ques et al. 2013, Trevelin et al. 2017), similar
comprehensive assessments for bioacoustics are limited
(but see Rodhouse et al. 2011, Froidevaux et al. 2014,
Pieretti et al. 2015). Different acoustic sampling proto-
cols to estimate bat species richness and activity have
been evaluated in temperate areas (Skalak et al. 2012,
Froidevaux et al. 2014). Some of these focused on the
effects of the position, orientation and number of detec-
tors (Weller and Zabel 2002), while others examined the
representativeness of sampling during the dusk peak of
bat activity (Froidevaux et al. 2014). Similar assessments
are lacking for tropical regions, where the use of passive
detectors is rapidly expanding (Silva and Bernard 2017,
Arias-Aguilar et al. 2018, Burivalova et al. 2019).
Choosing an effective and statistically robust acoustic
sampling protocol is a fundamental issue that research-
ers must address at the early stages of any bat monitor-
ing or survey project due to time/cost constraints
(Rodhouse et al. 2011, Law et al. 2015, Meyer 2015).
Limited resources force researchers to optimize sam-
pling, taking into consideration the trade-off between
temporal vs. spatial replication or the minimum number
of seasons, years, or sites required to answer specific eco-
logical questions. Since the accuracy of results depends
on how well the real activity patterns of the animals are
captured in the data collected (Froidevaux et al. 2014),
establishing a priori a minimum sampling effort for
acoustic surveys to reliably detect ecological changes
and disturbance impacts on ecosystems is crucial.
The overall aim of this study was to optimize acoustic
bat sampling protocols in Neotropical regions, using one
of the most comprehensive Neotropical bat acoustic
data sets, collected during three years of sampling in the
Central Amazon using automatic detectors. The two
main goals were to assess the minimum survey effort
required to evaluate (1) the completeness of assemblage
inventories and (2) habitat selection in fragmented forest
landscapes for aerial insectivorous bats (species richness,
activity levels, species diversity, and assemblage compo-
sition). To address the aforementioned objectives, we
compared different survey efforts with their results accu-
racy, under 20 different temporal sampling schemes,
considering different time windows or data subsets (i.e.,
varying the number of hours of sampling per night, the
number of consecutive nights of sampling per site, and
sampling only during the wet or dry season, or both).
Moreover, the performance of all sampling schemes
was assessed under two different landscape scenarios: (1)
a combination of continuous primary forest, and pri-
mary forest fragments embedded in a matrix of old sec-
ondary forest (all surveyed areas being forests), hereafter
referred to as “Scenario A,” and (2) a combination of
continuous primary forest and forest fragments sur-
rounded by forest clearings and open areas (surveyed
areas including forests and small vegetation clearings)




The study was conducted at the Biological Dynamics
of Forest Fragments Project (BDFFP), located ~80 km
north of Manaus (2°300 S, 60° W; Laurance et al. 2018).
The forest in the area was experimentally fragmented
during the 1980s, which resulted in a mosaic landscape
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containing about 1,000 km2 of continuous primary terra
firme forest, secondary forests, and a series of different-
sized forest fragments. Canopy height in continuous for-
est is about 30–37 m, and annual precipitation ranges
from 1,900 to 3,500 mm, with a dry season between July
and October and a wet season from November to June
(Ferreira et al. 2017). Forest fragments were initially sur-
rounded by cattle pasture (early 1980s), which due to
abandonment regenerated into tall secondary forest
(Farneda et al. 2018, Rocha et al. 2018). However, frag-
ment isolation was experimentally preserved by periodi-
cally clearing a 100 m wide strip around each of the
fragments, leaving relatively large areas (6.4–42 ha) of
open grass- or shrubland (Rocha et al. 2017). The most
recent fragment re-isolation occurred between Novem-
ber 2013 and March 2014, and the acoustic data used
herein were collected before (from June 2011 to Septem-
ber 2013) and after this (from April to October 2014).
Prior to fragment re-isolation, we sampled bats in the
interior of continuous primary forest (N = 9 sites) and
forest fragments (N = 8) as well as in the adjacent sec-
ondary forest matrix (N = 8; Scenario A). The same sites
were sampled following fragment re-isolation, placing
the detectors in the exact same locations (therefore the
sampling points in the secondary forest corresponded to
the new open areas or clearings; Scenario B). Due to
logistical constraints, after re-isolation, only six of the
control sites were sampled.
Acoustic sampling
At each sampling site, one SM2Bat detector with an
omnidirectional ultrasonic SMX-US microphone (Wild-
life Acoustics, Maynard, MA, USA) was placed ~1.5 m
above the ground. Detectors recorded from sunset to
sunrise, at 384 kHz sampling rate in full spectrum with
16-bit resolution. The high pass filter was set at 12 kHz
(fs/32), with a trigger level of 18SNR. At each site, we
recorded bats during five (2012–2013) and three (2014)
consecutive nights, always twice during the dry and wet
seasons. We standardized our sampling unit using bat
passes, which were defined as 5-s long sequences with a
minimum of two distinguishable pulses of a certain spe-
cies (e.g., Millon et al. 2015, Torrent et al. 2018, Kemp
et al. 2019). Acoustic data sets are archived in the Dryad
Digital Repository (Lopez-Baucells et al. 2021).
Echolocation call analysis
All bat passes were analysed using Kaleidoscope
v.4.0.4 software (Wildlife Acoustics). Classification was
done manually to species/sonotype level following
Lopez-Baucells et al. (2016). Therefore, the shortcom-
ings of our classification method and potential bias in
bat species identification can be considered constant. A
sonotype was defined as a category that grouped species
with indistinguishable calls (Appendix S1: Table S1).
Additionally, some calls that were difficult to identify
were compared to those from a local reference call
library compiled by the authors during this study
(A. Lopez-Baucells, unpublished data). This led to a total
of 1,088,940 analyzed recordings, and ~640,000 identi-
fied bat passes from a total of 21 species/sonotypes.
Statistical analysis
Protocol optimization for species richness evaluation.—
To identify the minimum sampling effort required to
determine species inventory completeness before and
after forest fragment re-isolation, we compared the
results of species accumulation curves (SAC), consider-
ing sampling nights as the unit of sampling effort (Mor-
eno and Halffter 2000, Froidevaux et al. 2014, Law et al.
2015). To achieve this, we pooled together sampling
nights in continuous forest, forest fragments, and sec-
ondary forests/clearings. Then we split the full data set
to reflect a set of different temporal sampling schemes,
varying (1) the number of hours of sampling per night,
(2) the number of consecutive full nights of sampling per
site, and (3) sampling only during the wet or dry season,
or both (also using full nights).
Different time windows were chosen from 18:00 to
6:00 by gradually increasing the number of recording
hours (e.g., 18:00–18:59, 18:00–19:59, 18:00–20:59. . .,
18:00–06:00; Banks-Leite et al. 2012). SACs were com-
puted (with randomization of the samples; 100 permuta-
tions) using the specaccum function from the R package
vegan (Oksanen et al. 2015). Because achieving 100%
inventory completeness usually requires a prohibitively
large sampling effort (Moreno and Halffter 2000), we
compared the number of sampling nights per site
required to reach 90% of the estimated total number of
species in the survey area, calculated with the Jackknife
estimator (jack1) using the specaccum function in the R
package vegan (e.g., Skalak et al. 2012, Froidevaux et al.
2014). The Jackknife estimator uses subsets by succes-
sively deleting individuals from the main data set and it
is widely used in ecological studies (Gotelli and Colwell
2011, Chao and Chiu 2016).
Protocol optimization to assess habitat selection.—We
modeled the effect of habitat type (predictor variable)
upon richness, bat activity, diversity, and assemblage
composition (response variables) for each of the tempo-
ral sampling schemes previously described. Richness
was considered as the number of species/sonotypes pre-
sent at a sampling site per night. Bat activity was
defined as the number of bat passes per night. Species
diversity was assessed with the Simpson index (calcu-
lated using the R package vegan), which combines spe-
cies richness and evenness (Borcard et al. 2011).
Assemblage composition comparisons were performed
using the Bray-Curtis index as an abundance-based
measure of dissimilarity (Borcard et al. 2011). In order
to use this index to characterize each sampling site, we
first calculated a baseline assemblage composition by
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pooling the data from all continuous forest interiors.
Then we quantified similarity in species composition
between each site and this reference assemblage using
the function vegdist (Bray-Curtis distance metric) from
the R package vegan (Jost et al. 2011). To model the
effect of habitat type on the aforementioned response
variables, we performed Monte Carlo Markov Chain
generalized linear mixed models using the R package
MCMCglmm, specifying a Poisson (for bat activity) or
Gaussian (for richness, Simpson diversity, and assem-
blage composition) error distribution. When the
response variable showed signs of overdispersion or
zero-inflation, the priors were set to be weakly informa-
tive in order to deal with over-dispersion (inverse
gamma parameters: m = 0.002 and V = 1; Kryvokhyzha
et al. 2016, Hadfield 2017). Habitat type was specified
as a categorical fixed effect (categories: continuous for-
est, forest fragments, and secondary forest/clearings),
and sampling site as a random effect (Adams et al.
2015). Models were run with 50,000 iterations, and the
first 10,000 were discarded from the results.
All statistical analyses were carried out using R soft-
ware, version 3.2.4. (R Core Team 2017), and all plots
built with the ggplot2 package (Wickham 2009).
RESULTS
Protocol optimization for species richness evaluation
Based on the whole data set, jack1 estimated a total of
21 different species/sonotypes to occur in the study area
before and after fragment re-isolation. When assessing
different temporal sampling schemes, the SACs varied
considerably between Scenario A and B (Fig. 1A). The
rate of decrease in the estimated sampling effort required
with increasing number of hours of recording varied
markedly, being much more gradual in Scenario A than
in B (Fig. 1B). When recordings from only the first three
hours after sunset were considered, ~150 nights in Sce-
nario A and ~50 nights in Scenario B were needed to
achieve 90% inventory completeness (Fig. 1B). Increas-
ing the number of hours of recording after sunset to four
FIG. 1. (A) Species accumulation curves for different temporal sampling schemes using a varying number of hours of recording
per night. (B) Estimated sampling effort measured as total number of nights required to detect 90% of the species present in the
study area. Green lines show data collected before the re-isolation in continuous forest, primary forest fragments, and secondary
forest (scenario A); red lines show data collected after the re-isolation in continuous forest, forest fragments, and clearings (scenario
B). Vertical line in B at x = 4 h of recording.
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reduced the sampling effort needed to achieve 90%
inventory completeness to ~80 and 10 nights, respec-
tively. However, further increases in the number of
recorded hours after sunset did lead to further decreases
in the number of sampled nights needed to achieve a
90% inventory completeness (Fig. 1B). In terms of the
number of consecutive nights per site, under both land-
scape scenarios, sampling only for one night was suffi-
cient to achieve 90% inventory completeness. In fact,
recording more consecutive nights per site did not signif-
icantly improve the rate of new species detections
(Table 1). In the seasonal analysis, in Scenario A almost
no differences were found between dry and wet season
data sets, while in Scenario B, the estimated sampling
effort for the wet season was almost double that required
during the dry season (Table 1). When pooling the data
from both seasons, the minimum estimated sampling
effort was reduced by one-third or by one-half, respec-
tively.
Protocol optimization to assess habitat selection
Although for some response variables the model
results were quite consistent for different temporal sam-
pling schemes (e.g., bat activity in forest fragments or
richness in the clearings, in Scenario B), effect sizes for
other response variables varied substantially (e.g., for
Simpson diversity for both Scenario A and B, Fig. 2).
This variability sometimes led to contradictory results
with regard to significance of the effect (e.g., the effect
upon Simpson diversity in secondary forests in Sce-
nario A).
In Scenario A, a minimum of four hours was neces-
sary to detect significantly lower richness and species
diversity (Simpson) in secondary forest relative to con-
tinuous forest. In contrast, assemblage composition
(Bray-Curtis) of the secondary forest was significantly
distinct from continuous forest only when it was
evaluated with the full night data set. In Scenario B,
except for species composition, the effect of the clearings
on all response variables examined was very consistent
as in all cases there were significant differences between
clearings and continuous forest, independently of the
sampling scheme.
Using different numbers of consecutive nights per site
resulted in consistent effects for some response variables
(e.g., all models for the Scenario B), whereas there were
large inconsistencies for others (e.g., mostly in Scenario
A) (Fig. 2). In Scenario A, up to five consecutive nights
were needed to detect significant differences in richness
and species diversity between secondary and primary
forest. Also, in the secondary forest, with more than two
nights, the significant effects detected for bat activity
with smaller data sets disappeared (Fig. 2).
Results based on data sets collected during different
seasons were quite consistent (Fig. 2). In all models for
Scenario B, the direction of the effect was always the
same, independently of the sampling scheme (except for
assemblage composition in the forest fragments). Pro-
nounced differences between subsets were only found
for some particular cases in Scenario A (e.g., bat activ-
ity in the forest fragments for which using only data
from the dry season resulted in a non-significant effect,
as opposed to a significant positive response when
using data from both seasons or the wet season only)
(Fig. 2).
DISCUSSION
Analysis of over 640,000 bat passes from one of the
most diverse tropical bat assemblages revealed that the
sampling effort required to achieve species inventories at
90% completeness for aerial insectivorous bats varies
substantially with landscape context, being about eight
times higher in forest fragments embedded in a matrix of
old secondary forest than in the same forest fragments
re-isolated by clearing the surrounding secondary forest.
We showed that recording longer than 4 h after sunset
per night did not significantly reduce the number of
nights required to inventory 90% of the species present
in the study area. Moreover, the rate of decrease in the
estimated sampling effort required varied considerably
between Scenario A and B, being much more gradual in
the former compared to the very marked decline in the
latter. Our results indicate that, for inventories, the sam-
pling season and the number of consecutive nights per
site are less important than the nightly time window dur-
ing which sampling is conducted. When modeling habi-
tat selection for aerial insectivorous bats, if forest and
clearings are surveyed together, the significance and
direction of the effect was consistent across all sampling
schemes (except for assemblage composition). However,
if only forests (primary and secondary) are surveyed,
choosing the most appropriate temporal sampling
scheme was crucial to detect significant effects that
otherwise might go unnoticed.
TABLE 1. Estimated sampling effort (number of full nights of
recording) required to reach 90% inventory completeness
under different subsampling schemes, varying the number of
consecutive nights of sampling per site and sampling only
during the wet or dry season, or both.
Scheme
Estimated sampling effort to reach 90%







1 night/site 59 9
2 nights/site 74 10
3 nights/site 80 10
4 nights/site 81 NA
5 nights/site 87 NA
Dry season 127 8
Wet season 128 14
Both seasons 80 10
Note:NA, not applicable.
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Protocol optimization for species richness evaluation
In order to detect at least 90% of the species present,
our analyses indicated a minimum sampling requirement
of ~80 nights (when only primary and secondary forests
are surveyed; Scenario A) but only ~10 nights (if clear-
ings are also included; Scenario B). Similar results were
obtained by Froidevaux et al. (2014) in temperate habi-
tats where diversity in forest gaps was much more easily
assessed than in forest interiors. This is explained by the
fact that open or edge space foragers, which usually are
rare in the cluttered forest interiors, seemingly increase
in activity when the forest is cleared as they become
more easily detected (Estrada-Villegas et al. 2010, Tor-
rent et al. 2018). Alternatively, insect abundance might
have substantially increased in the cleared areas, result-
ing in a localized burst in bat activity (Salvarina et al.
2018).
Aerial hawking bats tend to be more active during the
first hours of the night due to the peak in aerial insect
availability, during what is commonly known as the
highest nocturnal activity peak (Bernard 2002). Some-
times researchers assume that sampling during this per-
iod is sufficiently representative to describe the diversity
of aerial insectivorous bats (Stahlschmidt and Bruehl
2012). Froidevaux et al. (2014) evaluated the differences
between three sampling schemes in Europe, full night, 4
h after sunset, and 2 h after sunset plus 2 h before sun-
rise, and found the best outcome was achieved when
recording the entire night. Trevelin et al. (2017), who
assessed the effectiveness of capturing phyllostomids
with mist-nets during the first 6 h in the Neotropics,
obtained similar results. Our study is the first to address
similar questions for Neotropical aerial insectivorous
bats, evaluating how completeness changed in response
to cumulative increases in effort (i.e., number of sam-
pling hours) instead of discrete recording time windows
as used by Froidevaux et al. (2014). The fact that vari-
ability in the results stabilizes after using the first 4 h
suggests that this time window is the minimum necessary
sampling effort to ensure an adequate representativeness
(90%) of these bat assemblages. If sampling effort needs
to be optimized for Neotropical bat inventories, reduc-
ing the nightly time window appears more effective than
reducing the number of consecutive nights. This is espe-
cially important now that low-cost passive detectors
such as AudioMoths (Hill et al. 2018) are increasingly
used, and for which battery life is a particularly limiting
factor.
In terms of sampling locations, Law et al. (2015) rec-
ommended to repeat the number of visits in certain
sampling points rather than distributing the equivalent
sampling effort in new sampling sites. The spatial dimen-
sion of their study is an important aspect that we were
not able to address due to the fact that the BDFFP land-
scape offers limited scope for spatial replication. Likely
the number of sampling nights presented above can be
considerably reduced when multiple detectors/site are
used. In fact, studies suggest that several detectors
recording simultaneously are more efficient than a single
detector recording in the same location for several nights
(Froidevaux et al. 2014). Law et al. (2015) also found
that to adequately capture spatial heterogeneity it is
always preferable to use up to three detectors for two
nights rather than using one single detector for six
nights, prioritizing spatial over temporal replication.
Our results are nevertheless relevant given that the num-
ber of detectors available to researchers for long-term
studies is often limited. It would be important to extend
our present analyses by using several detectors within
the same sampling sites, and by substantially increasing
the number of sampling sites across the study area, as
Law et al. (2015) did in Australia and Froidevaux et al.
(2014) in Europe.
In terms of seasonal sampling window, especially
before the re-isolation, pooling of the data from both
dry and wet season allowed us to record significantly
more species using less sampling effort than using data
from only one season. We recorded fewer species in the
dry season (although at higher rates of detection) than
in the wet season, probably due to reduced insect avail-
ability (Taylor et al. 2013). This implies that to accu-
rately describe bat assemblages in the Neotropics,
inventory studies should cover both seasons.
Protocol optimization to assess habitat selection
Choosing the right sampling scheme to accurately
describe ecological patterns and to detect the conse-
quences of habitat modification on wildlife is more
important in a conservation context, although inherently
more difficult than choosing the right protocol for inven-
tories. We showed that with inappropriate sampling
designs, existing differences can not only become more
difficult to detect but can also erroneously point into the
opposite direction, therefore potentially undermining
conservation efforts. Full and accurate knowledge of the
responses of animal communities to habitat alteration is
needed to ensure appropriate conservation actions.
In Scenario A, different nightly sampling schemes pro-
vided contradictory results, underlining the importance
of not restricting the time of recording within the night
FIG. 2. Effects of habitat modification on richness, activity, diversity, and assemblage composition of aerial insectivorous bats
before fragment re-isolation (2012–2013; scenario A) and after fragment re-isolation (2014; scenario B), evaluated using generalized
linear mixed models. The effects of habitat modification are calculated as the magnitude of change between the disturbed habitat
types (forest fragments, secondary forests, and clearings) and continuous forest interiors. Effect estimates are considered as the fixed
effect posterior distribution, characterized by its mean (dot) and credible intervals (95% CI, lines).
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if weak ecological patterns are to be detected. Variability
in model effect sizes was sometimes so large that signifi-
cant results were only found with full-night sampling.
Similarly, when we considered data sets from five entire
nights of recording, some significant responses detected
with smaller data subsets turned out to be non-
significant. The large variability in the model estimate
can potentially mask significant effects, which makes the
interpretation of some specific results quite difficult. In
some cases, increasing the number of consecutive nights
per site up to five substantially increased the accuracy of
our model estimates. This was especially true for sec-
ondary forest (e.g., richness, bat activity, species diver-
sity, and assemblage composition), which suggests that
the number of consecutive nights might be more impor-
tant for detecting ecological patterns than for invento-
ries. In agreement with Law et al. (2015), we found that
night-to-night variation in activity was high, however,
we argue that within-night variation might even exceed
any bias linked to the former. The fact that, in Scenario
A, we did not find clear differences between model
results that considered both seasons either together or
separately, suggests that those ecological patterns might
be consistent all year long.
In Scenario B, for almost all response metrics, robust
results were already obtained with the smallest subsets
evaluated (e.g., recording for 1 h after sunset, one season
or one night per site). The only exception was for assem-
blage composition in forest fragments and clearings, for
which four and three hours, respectively, were necessary
to detect significant effects. This suggests that minimum
sampling effort to answer specific ecological questions
strongly depends on the variation in the variables stud-
ied and the landscape context (Bros and Cowell 1987,
Chao et al. 2009, Johnson et al. 2014). Besides environ-
mental heterogeneity, specific characteristics of local bat
assemblages (e.g., the total number of species present in
the sampling area, or the proportion of high-flying vs
forest-dwelling species) will also influence the sampling
effort required. More detailed information about spe-
cies’ phenology or foraging strategies of Neotropical
bats would fill current knowledge gaps that currently
hamper the reliability of monitoring programs.
Recommendations
Optimizing sampling protocols in monitoring pro-
grams, surveys or ecological studies implies that sam-
pling effort, methodology, equipment costs and
workload associated with field work are carefully bal-
anced (Guillera-Arroita and Lahoz-Monfort 2012) as
time dedicated to field work and data analysis is directly
linked to project costs (Gardner et al. 2008, Froidevaux
et al. 2014). Sampling design will mainly depend on the
scientific questions that the study aims to address. Based
on our findings, we propose guidelines that can aid to
streamline bat acoustic surveys in the Neotropics, by
reducing project workload and costs, while maintaining
high accuracy and representativeness. We believe our fol-
lowing recommendations are valuable to guide future
research, especially in the context of the funding crisis
that science is experiencing:
1) For species inventories
a. We recommend reducing, in decreasing order of
priority, the number of consecutive nights per site,
the number of sampling hours per night; as well as
distributing the sampling effort equally between
both seasons.
b. The minimum time window to detect at least 90%
of bat species present in a particular study area
should include the first 4 h after dusk. However, if
rare or elusive species also are to be targeted, we
recommend recording the complete night (Mor-
eno and Halffter 2000).
c. The total time required to achieve 90% complete
inventories highly depends on the landscape con-
text. Although in landscapes with low between-
habitat structural contrast, as represented here by
Scenario A, a total of ~80 entire nights spread
over both seasons can be enough, in high-contrast
landscapes such as Scenario B, ~10 entire nights
would be sufficient.
2) For studies on habitat selection
a. We recommend reducing, in decreasing order of
priority, the number of seasons sampled, the num-
ber of consecutive nights per site, and finally the
number of sampling hours per night.
b. To detect population- and assemblage-level
responses to habitat modification in low-contrast
landscapes such as Scenario A, recording the first
4–6 h after sunset and recording during three to
five nights in the same sites is advisable. However,
our results suggest that, in high-contrast land-
scapes such as Scenario B, the same responses can
be detected with considerably less sampling effort
(e.g., one night per site).
ACKNOWLEDGMENTS
We would like to thank Jose Luis Camargo, Rosely Hipolito,
Ary Jorge Ferreira, Luiz Quiroz, Alaercio “Leo” Maraio dos
Reis, and Osmaildo “Josimar” Ferreria da Silva for logistical
support. We wouls also like to thank Xavier Puig-Montserrat
and Carles Flaquer for providing valuable advise during the
acoustic analysis. This work was supported by the Portuguese
Foundation for Science and Technology under grants [PTDC/
BIABIC/111184/2009] (C. Meyer), [SFRH/BD/80488/2011] (R.
Rocha), [PD/BD/52597/2014] (A. Lopez-Baucells), and by the
FAPEAM by the fellowship [062.01173/2015] (P. E. D. Bobro-
wiec). Additional funding was provided by Bat Conservation
International student research fellowships (A. Lopez-Baucells
and R. Rocha) and by ARDITI – Madeira’s Regional Agency
Article e02366; page 8 ADRIA LOPEZ-BAUCELLS ETAL.
Ecological Applications
Vol. 0, No. 0
for the Development of Research, Technology and Innovation
[grant M1420-09-5369-FSE-000002] (R. Rocha). This is publi-
cation 816 in the Technical Series of the BDFPP. We thank two
anonymous reviewers for helpful comments on an earlier ver-
sion of the manuscript. Author contributions: A. Lopez-
Baucells, C. F. J. Meyer, R. Rocha, J. M. Palmeirim, and P. E.
D. Bobrowiec conceived the study; A. Lopez-Baucells and R.
Rocha collected the data; A. Lopez-Baucells and N. Yoh ana-
lyzed the data; A. Lopez-Baucells and C. F. J. Meyer led the
writing of the manuscript. All authors contributed critically to
the drafts and gave final approval for publication.
LITERATURE CITED
Adams, A. M., L. McGuire, L. Hooton, and M. B. Fenton.
2015. How high is high? Using percentile thresholds to iden-
tify peak bat activity. Canadian Journal of Zoology 93:307–
3013.
Appel, G., A. Lopez-Baucells, E. Magnusson, and P. E. D.
Bobrowiec. 2017. Aerial insectivorous bat activity in relation
to moonlight intensity. Mammalian Biology 85:37–46.
Arias-Aguilar, A., F. Hintze, L. M. S. Aguiar, V. Rufray, E.
Bernard, and M. J. R. Pereira. 2018. Who’s calling? Acoustic
identification of Brazilian bats. Mammal Research 63:
pageFirst>231–253.
Banks-Leite, C., R. M. Ewers, R. G. Pimentel, and J. P. Met-
zger. 2012. Decisions on temporal sampling protocol influ-
ence the detection of ecological patterns. Biotropica 44:378–
385.
Barre, K., I. Le Viol, R. Julliard, J. Pauwels, S. E. Newson, J.-F.
Julien, F. Claireau, C. Kerbiriou, and Y. Bas. 2019. Account-
ing for automated identification errors in acoustic surveys.
Methods in Ecology and Evolution 10:1171–1188.
Bernard, E. 2002. Diet, activity and reproduction of bat species
(Mammalia, Chiroptera) in Central Amazonia, Brazil.
Revista Brasileira De Zoologia 19:173–188.
Borcard, D., F. Gillet, and P. Legendre. 2011. Numerical ecol-
ogy with R. Springer, New York, New York, USA.
Bradfer-Lawrence, T., N. Gardner, L. Bunnefeld, N. Bunnefeld,
S. G. Willis, and D. H. Dent. 2019. Guidelines for the use of
acoustic indices in environmental research. Methods in Ecol-
ogy and Evolution 10:1796–1807.
Bros, W., and B. Cowell. 1987. A technique for optimizing sam-
ple size (replication). Journal of Experimental Marine Biol-
ogy and Ecology 114:63–71.
Burivalova, Z., E. T. Game, and R. A. Butler. 2019. The sound
of a tropical forest. Science 363:28–29.
Chao, A., and C. H. Chiu. 2014. Species richness: estimation
and comparison. Wiley StatsRef: Statistics Reference Online.
https://onlinelibrary.wiley.com/doi/abs/https://doi.org/10.
1002/9781118445112.stat03432.pub2
Chao, A., R. K. Colwell, C.-W. Lin, and N. J. Gotelli. 2009. Suf-
ficient sampling for asymptotic minimum species richness
estimators. Ecology 90:1125–1133.
Deichmann, J. L., et al. 2018. It’s time to listen: there is much
to be learned from the sounds of tropical ecosystems.
Biotropica 50:713–718.
Duchamp, J. E., M. Yates, R. M. Muzika, and R. K. Swihart.
2006. Estimating probabilities of detection for bat echoloca-
tion calls: An application of the double-observer method.
Wildlife Society Bulletin 34:408–412.
Dzal, Y., L. A. Hooton, E. L. Clare, and M. B. Fenton. 2009.
Bat activity and genetic diversity at Long Point, Ontario, an
important bird stopover site. Acta Chiropterologica 11:307–315.
Estrada-Villegas, S., C. F. Meyer, and E. K. Kalko. 2010. Effects
of tropical forest fragmentation on aerial insectivorous bats
in a land-bridge island system. Biological Conservation
143:597–608.
Farneda, F. Z., R. Rocha, A. Lopez-Baucells, E. M. Sampaio, J.
M. Palmeirim, P. E. D. Bobrowiec, C. E. V. Grelle, and C. F.
J. Meyer. 2018. Functional recovery of Amazonian bat assem-
blages following secondary forest succession. Biological Con-
servation 218:192–199.
Ferreira, D. F., R. Rocha, A. Lopez-Baucells, F. Z. Farneda, J.
M. B. Carreiras, J. M. Palmeirim, and C. F. J. Meyer. 2017.
Season-modulated responses of Neotropical bats to forest
fragmentation. Ecology and Evolution 7:4059–4071.
Fischer, J., J. Stott, B. S. Law, M. D. Adams, and R. I. Forrester.
2009. Designing effective habitat studies: quantifying multiple
sources of variability in bat activity. Acta Chiropterologica
11:127–137.
Flaquer, C., I. Torre, and A. Arrizabalaga. 2007. Comparison
of sampling methods for inventory of bat communities. Jour-
nal of Mammalogy 88:526–533.
Frick, W. F. 2013. Acoustic monitoring of bats, considerations
of options for long-term monitoring. Therya 4:69–78.
Froidevaux, J. S. P., F. Zellweger, K. Bollmann, and M. K. Obr-
ist. 2014. Optimizing passive acoustic sampling of bats in for-
ests. Ecology and Evolution 4:4690–4700.
Furey, N. M., I. J. Mackie, and P. A. Racey. 2009. The role of
ultrasonic bat detectors in improving inventory and monitor-
ing surveys in Vietnamese karst bat assemblages. Current
Zoology 55:327–341.
Gardner, T. A., et al. 2008. The cost-effectiveness of biodiversity
surveys in tropical forests. Ecology Letters 11:139–150.
Gorresen, P. M., A. C. Miles, C. M. Todd, F. J. Bonaccorso,
and T. J. Weller. 2008. Assessing bat detectability and occu-
pancy with multiple automated echolocation detectors. Jour-
nal of Mammalogy 89:11–17.
Gotelli, N., and R. Colwell. 2011. Estimating species richness.
Pages 39–54 in A. E. Magurran, and B. J. McGill, editors.
Biological diversity: frontiers in measurement and assess-
ment. Oxford University Press, New York, New York, USA.
Guillera-Arroita, G., and J. J. Lahoz-Monfort. 2012. Designing
studies to detect differences in species occupancy: power anal-
ysis under imperfect detection. Methods in Ecology and Evo-
lution 3:860–869.
Hadfield, T. 2017. MCMCglmm Course Notes. UK. https://cra
n.r-project.org/web/packages/MCMCglmm/vignettes/Course
Notes.pdf
Hayes, J. P. 2000. Assumptions and practical considerations in
the design and interpretation of echolocation-monitoring
studies. Acta Chiropterologica 2:225–236.
Hill, A. P., P. Prince, E. P. Covarrubias, C. P. Doncaster, J. L.
Snaddon, and A. Rogers. 2018. AudioMoth: evaluation of a
smart open acoustic device for monitoring biodiversity and the
environment. Methods in Ecology and Evolution 9:1199–1211.
Johnson, P. C. D., S. J. E. Barry, H. M. Ferguson, P. M€uller, and
H. Schielzeth. 2014. Power analysis for generalized linear
mixed models in ecology and evolution. Methods in Ecology
and Evolution 6:133–142.
Jost, L., A. Chao, and R. L. Chazdon. 2011. Compositional
similarity and b (beta) diversity. Pages 66–84 in A. E. Magur-
ran and B. J. McGill, editors. Biological diversity: frontiers in
measurement and assessment. Oxford University Press, New
York, New York, USA.
Kemp, J., A. Lopez-Baucells, R. Rocha, O. S. Wangensteen, Z.
Andriatafika, A. Nair, and M. Cabeza. 2019. Bats as poten-
tial suppressors of multiple agricultural pests: a case study
from Madagascar. Agriculture, Ecosystems & Environment
269:88–96.
Kryvokhyzha, D., K. Holm, J. Chen, A. Cornille, S. Glemin, S.
I. Wright, U. Lagercrantz, and M. Lascoux. 2016. The
Xxxxx 2021 OPTIMIZING BAT BIOACOUSTIC SURVEYS Article e02366; page 9
influence of population structure on gene expression and
flowering time variation in the ubiquitous weed Capsella
bursa-pastoris (Brassicaceae). Molecular Ecology 25:1106–
1121.
Kunz, T. H., E. B. Arnett, W. P. Erickson, A. R. Hoar, G. D.
Johnson, R. P. Larkin, M. D. Strickland, R. W. Thresher, and
M. D. Tuttle. 2007. Ecological impacts of wind energy devel-
opment on bats: questions, research needs, and hypotheses.
Frontiers in Ecology and the Environment 5:315–324.
Kunz, T. H., and S. Parsons. 2009. Ecological and behavioral
methods for the study of bats. Second edition. Johns Hopkins
University Press, Baltimore, Maryland, USA.
Laurance, W. F., J. L. C. Camargo, P. M. Fearnside, T. E. Love-
joy, G. B. Williamson, R. C. G. Mesquita, C. F. J. Meyer, P.
E. D. Bobrowiec, and S. G. W. Laurance. 2018. An Amazo-
nian rainforest and its fragments as a laboratory of global
change. Biological Reviews of the Cambridge Philosophical
Society 93:223–247.
Law, B., L. Gonsalves, P. Tap, T. Penman, and M. Chidel. 2015.
Optimizing ultrasonic sampling effort for monitoring forest
bats. Austral Ecology 40:886–897.
Lopez-Baucells, A., R. Rocha, P. E. D. Bobrowiec, E. Bernard,
J. Palmeirim, and C. Meyer. 2016. Field guide to Amazonian
bats. INPA, Manaus, Brazil.
Lopez-Baucells, A., L. Torrent, R. Rocha, P. E.D. Bobrowiec, J.
M. Palmeirim, and C. F.J. Meyer. 2019. Stronger together:
Combining automated classifiers with manual post-validation
optimizes the workload vs reliability trade-off of species iden-
tification in bat acoustic surveys. Ecological Informatics
49:45–53.
Lopez-Baucells, A., N. Yoh, R. Rocha, P. Bobrowiec, J. Pal-
meirim, and C. Meyer. 2021. Optimising bat bioacoustic sur-
veys in human-modifed neotropical landscapes. Dryad, data
set. https://doi.org/10.5061/dryad.2bvq83bq4
MacSwiney, G. C., F. M. Clarke, and P. A. Racey. 2008. What
you see is not what you get: the role of ultrasonic detectors in
increasing inventory completeness in Neotropical bat assem-
blages. Journal of Applied Ecology 45:1364–1371.
Marques, J. T., M. J. Ramos Pereira, T. A. Marques, C. D. San-
tos, J. Santana, P. Beja, and J. M. Palmeirim. 2013. Optimiz-
ing sampling design to deal with mist-net avoidance in
Amazonian birds and bats. PLoS ONE 8:e74505.
Meyer, C. F. J. 2015. Methodological challenges in monitoring
bat population- and assemblage-level changes for anthro-
pogenic impact assessment. Mammalian Biology 80:159–169.
Millon, L., J.-F. Julien, R. Julliard, and C. Kerbiriou. 2015. Bat
activity in intensively farmed landscapes with wind turbines
and offset measures. Ecological Engineering 75:250–257.
Moreno, C. E., and G. Halffter. 2000. Assessing the complete-
ness of bat biodiversity inventories using species accumula-
tion curves. Journal of Applied Ecology 37:149–158.
Murray, K. L., E. R. Britzke, B. M. Hadley, and L. W. Robbins.
1999. Surveying bat communities: a comparison between mist
nets and the Anabat II bat detector system. Acta Chiroptero-
logica 1:105–112.
Murray, S. W., and A. Kurta. 2004. Nocturnal activity of the
endangered Indiana bat (Myotis sodalis). Journal of Zoology
262:197–206.
Oksanen, J., F. G. Blanchet, R. Kindt, P. Legendre, P. R. Min-
chin, R. B. O’Hara, G. L. Simpson, P. Solymos, M. H. H. Ste-
vens, and H. Wagner. 2015. vegan: community ecology
package. R package version 2.3-3. https://cran.r-project.org/
web/packages/vegan/index.html
Pieretti, N., M. Duarte, R. Sous-Lima, M. Rodrigues, R.
Young, and A. Farina. 2015. Determining temporal sampling
schemes for passive acoustic studies in different tropical
ecosystems. Tropical Conservation Science 8:215–234.
Piksa, K., W. Bogdanowicz, and A. Tereba. 2011. Swarming of
bats at different elevations in the Carpathian Mountains.
Acta Chiropterologica 13:113–122.
R Core Team. 2017. R: a language and environment for statisti-
cal computing. R Foundation for Statistical Computing,
Vienna, Austria. https://www.R-project.org/
Rocha, R., O. Ovaskainen, A. Lopez-Baucells, F. Z. Farneda,
D. F. Ferreira, P. E. D. Bobrowiec, M. Cabeza, J. M. Pal-
meirim, and C. F. J. Meyer. 2017. Design matters: An evalua-
tion of the impact of small man-made forest clearings on
tropical bats using a before-after-control-impact design. For-
est Ecology and Management 401:8–16.
Rocha, R., O. Ovaskainen, A. Lopez-Baucells, F. Z. Farneda,
E. M. Sampaio, P. E. D. Bobrowiec, M. Cabeza, J. M. Pal-
meirim, and C. F. J. Meyer. 2018. Secondary forest regenera-
tion benefits old-growth specialist bats in a fragmented
tropical landscape. Scientific Reports 8:3819.
Rodhouse, T. J., K. T. Vierling, and K. M. Irvine. 2011. A prac-
tical sampling design for acoustic surveys of bats. Journal of
Wildlife Management 75:1094–1102.
Salvarina, I., D. Gravier, and K. O. Rothhaupt. 2018. Seasonal
bat activity related to insect emergence at three temperate
lakes. Ecology and Evolution 8:3738–3750.
Silva, C. R., and E. Bernard. 2017. Bioacoustics as an
important complementary tool in bat inventories in the
Caatinga drylands of Brazil. Acta Chiropterologica 19:
409–418.
Skalak, S. L., R. E. Sherwin, and R. M. Brigham. 2012. Sam-
pling period, size and duration influence measures of bat spe-
cies richness from acoustic surveys. Methods in Ecology and
Evolution 3:490–502.
Stahlschmidt, P., and C. A. Bruehl. 2012. Bats as bioindica-
tors - the need of a standardized method for acoustic bat
activity surveys. Methods in Ecology and Evolution
3:503–508.
Taylor, P. J., A. Monadjem, and J. N. Steyn. 2013. Seasonal pat-
terns of habitat use by insectivorous bats in a subtropical
African agro-ecosystem dominated by macadamia orchards.
African Journal of Ecology 51:552–561.
Torrent, L., A. Lopez-Baucells, R. Rocha, P. E. D. Bobrowiec,
and C. F. J. Meyer. 2018. The importance of lakes for bat con-
servation in Amazonian rainforests: an assessment using
autonomous recorders. Remote Sensing in Ecology and Con-
servation 4:339–351.
Towsey, M., J. Wimmer, I. Williamson, and P. Roe. 2014. The
use of acoustic indices to determine avian species richness in
audio-recordings of the environment. Ecological Informatics
21:110–119.
Trevelin, L. C., R. L. Novaes, P. F. Colas-Rosas, T. C. Benathar,
and C. A. Peres. 2017. Enhancing sampling design in mist-net
bat surveys by accounting for sample size optimization. PLoS
ONE 12:e0174067.
Walters, C. L., A. Collen, T. Lucas, K. Mroz, C. A. Sayer, and
K. E. Jones. 2013. Challenges of using bioacoustics to glob-
ally monitor bats. Pages 479–499 in S. C. Pedersen and R. A.
Adams, editors. Bat evolution, ecology, and conservation.
Springer, New York, New York, USA.
Weller, T. J., and D. C. Lee. 2007. Mist net effort required to
inventory a forest bat species assemblage. Journal of Wildlife
Management 71:251–257.
Weller, T. J., and C. J. Zabel. 2002. Variation in bat detections
due to detector orientation in a forest. Wildlife Society Bul-
letin 30:922–930.
Wickham, H. 2009. ggplot2: elegant graphics for data analysis.
R package version 2.1.0. https://ggplot2.tidyverse.org/
Wilson, K. A., N. A. Auerbach, K. Sam, A. G. Magini, A. S. L.
Moss, S. D. Langhans, S. Budiharta, D. Terzano, and E.
Article e02366; page 10 ADRIA LOPEZ-BAUCELLS ETAL.
Ecological Applications
Vol. 0, No. 0
Meijaard. 2016. Conservation research is not happening
where it is most needed. PLoS Biology 14:e1002413.
Wordley, C. F. R., M. Sankaran, D. Mudappa, and J. D.
Altringham. 2018. Heard but not seen: Comparing bat
assemblages and study methods in a mosaic landscape in the
Western Ghats of India. Ecology and Evolution 8:3883–3894.
Yates, M. D., and R. M. Muzika. 2006. Effect of forest structure
and fragmentation on site occupancy of bat species in
Missouri Ozark forests. Journal of Wildlife Management
70:1238–1248.
Zamora-Gutierrez, V., C. Lopez-Gonzalez, M. C. MacSwiney
Gonzalez, B. Fenton, G. Jones, E. K. V. Kalko, S. J. Puech-
maille, V. Stathopoulos, K. E. Jones, and R. Freckleton.
2016. Acoustic identification of Mexican bats based on taxo-
nomic and ecological constraints on call design. Methods in
Ecology and Evolution 7:1082–1091.
SUPPORTING INFORMATION
Additional supporting information may be found online at: http://onlinelibrary.wiley.com/doi/10.1002/eap.2366/full
OPEN RESEARCH
Data (Lopez-Baucells et al. 2021) are available in the Dryad Digital Repository: https://doi.org/10.5061/dryad.2bvq83bq4.
Xxxxx 2021 OPTIMIZING BAT BIOACOUSTIC SURVEYS Article e02366; page 11
